
United States Patent 

US007 112954B2 

(12) (10) Patent No.: US 7,112,954 B2 
Palazoglu et al. (45) Date of Patent: Sep. 26, 2006 

(54) METHODS, SYSTEMS, AND DEVICES FOR 5.438,526 A 8, 1995 Itoh et al. 
EVALUATION OF THERMAL TREATMENT 5,722.317 A 3, 1998 Ghiron et al. 

6,015,231 A 1/2000 Swartzel et al. 
(75) Inventors: Tunc Koray Palazoglu, Mersin (TR): 6,776,523 B1* 8/2004 Simunovic et al. ......... 374, 176 

Josip Simunovic, Raleigh, NC (US); 2005/0031751 A1 2/2005 Weng et al. 
Kenneth R. Swartzel, Raleigh, NC FOREIGN PATENT DOCUMENTS 
(US); Kandiyan Puthalath Sandeep, 
Cary, NC (US) WO WO 2005/O11409 2, 2005 

OTHER PUBLICATIONS 
(73) Assignee: North Carolina State University, 

Raleigh, NC (US) International Search Report and Written Opinion corresponding to 
s PCT. International patent application No. PCT/US04/02355 dated 

c - r Jan. 6, 2006. 
(*) Notice: St.Esthetity European Search Report corresponding to European application No. 

p S.C. 154(b) by 181 i.S 04706039.8-2204 dated Apr. 18, 2006. 
* cited by examiner 

(21) Appl. No.: 10/767.427 
Primary Examiner Reena Aurora 

(22) Filed: Jan. 28, 2004 (74) Attorney, Agent, or Firm—Jenkins, Wilson, Taylor & 
Hunt, P.A. 

(65) Prior Publication Data (57) ABSTRACT 
US 2004/0228387 A1 Nov. 18, 2004 

Methods, Systems, and Devices for Evaluation of Thermal 
Related U.S. Application Data Treatment. A magnetically detectable particle and related 

(60) Provisional application No. 60/443.298, filed on Jan. methods, systems, and devices are provided for generating a 
28, 2003. temperature measurement for a batch or a continuous stream 

s of material. The particle can include a first and second 
(51) Int. Cl. magnet each comprising a positive and negative pole. The 

GOIN 27/44 (2006.01) particle can also include an adhesive having a release 
GOIR 33/12 (2006.01) temperature and operable to attach one or both of the 
GOIK 7/02 (2006.01) positive and negative poles of the first magnet proximate to 

(52) U.S. Cl. ....................................... 324/20437.4/176 the same polarity pole of the second magnet or to attach one 
(58) Field of Classification Search 324/204: of the positive and negative poles of the first magnet 

- - - - - - - - - - - - - - - - 374776 between the poles of the second magnet below the release 

See application file for complete search histo temperature Such that a first magnetic field is generated by 
pp p ry. the first and second magnet. The adhesive can also be 

(56) References Cited operable to release the first and second magnets from one 
U.S. PATENT DOCUMENTS 

5,039.426 A 8/1991 Giddings 

another above the release temperature. 

88 Claims, 90 Drawing Sheets 

AR4 

CM 

AR4 

  



US 7,112,954 B2 Sheet 1 of 90 Sep. 26, 2006 U.S. Patent 

AR4 

FIG.2 

  



U.S. Patent Sep. 26, 2006 Sheet 2 of 90 US 7,112,954 B2 

  



U.S. Patent Sep. 26, 2006 Sheet 3 Of 90 US 7,112,954 B2 

25 s 

N 

S 

N 
% % % 

a a N 

  

  

    

  

  

  

  



U.S. Patent Sep. 26, 2006 Sheet 4 of 90 US 7,112,954 B2 

25 s 2 2 2 

as a a WNs N S D 
2 
2 

S 

N N 
% 

s a N. 

  

      

  

  



U.S. Patent Sep. 26, 2006 Sheet 5 Of 90 US 7,112,954 B2 

\N N c --- to NN S 
s 

N Š N (- - - - - NSN s <s 
a S 

  



U.S. Patent Sep. 26, 2006 Sheet 6 of 90 US 7,112,954 B2 

2 6a 

% 

awaya 2. %2 % 

s s 

  

    

  

  









US 7,112,954 B2 Sheet 10 Of 90 Sep. 26, 2006 U.S. Patent 

  



U.S. Patent Sep. 26, 2006 Sheet 11 of 90 US 7,112,954 B2 

  



U.S. Patent Sep. 26, 2006 Sheet 12 of 90 US 7,112,954 B2 

N WN WN ace NWN WN 
2 y 

NW 

NWN 
S 

2. 

    

  

  

  





U.S. Patent Sep. 26, 2006 Sheet 14 of 90 US 7,112,954 B2 

2 

NNNWS u %No. 

N NN %N N 

S 

25 
V N Y 
N s s s 
V 

s 

  

  











U.S. Patent Sep. 26, 2006 Sheet 19 Of 90 US 7,112,954 B2 

  





U.S. Patent Sep. 26, 2006 Sheet 21 of 90 US 7,112,954 B2 

  



U.S. Patent Sep. 26, 2006 Sheet 22 Of 90 US 7,112,954 B2 

FIG. 4C FIG. 4D 

  



U.S. Patent Sep. 26, 2006 Sheet 23 of 90 US 7,112,954 B2 

Magnet pair - - 
(0.07 g) - 

FIG. 75 USP 

  



U.S. Patent Sep. 26, 2006 Sheet 24 of 90 US 7,112,954 B2 

NATURAL 

8 

E 7 
Se 
E 6 
S 
E 5 

| | 

3 ... . l HA 1A. 
2 

0 000 2000 3000 4000 5000 6000 7000 

FIG 76 

  



U.S. Patent Sep. 26, 2006 Sheet 25 Of 90 US 7,112,954 B2 

GLUED 

0 000 2000 3000 4000 5000 6000 

FIG. 7 
GLUED AND HEATED 

O 5000 0000 5000 20000 25000 30000 

FIG 78 
GLUED AND HEATED 

IDENTICAL MAGNETPAIR 

40 
20 
OO 

i 
FIG. 9 

  



U.S. Patent Sep. 26, 2006 Sheet 26 of 90 US 7,112,954 B2 

GLUED AND HEATED 
NON-DENTICAL MAGNETICPAR 

8 

is 7 
g 6 
35 
t 5 
g4 s 

33 
2 

60 
40 

g 120 
100 
80 g 

5 60 5. 
5 40 
S 20 

O 
O 50 100 50 200 250 

TIME (SEC) 

FIG.2 

  



U.S. Patent Sep. 26, 2006 Sheet 27 Of 90 US 7,112,954 B2 

MAGNETICPAIR SINGLEMAGNET 

6.5 
E 6 
g 5.5 
it 5 
a 4.5 
St 4 
g 3.5 
2 3 
e 2.5-- 

2 
O 50 OO 150 200 250 

TIME (SEC) 

FIG.22 

SOLDER1 (MP = 38.3°C) 

4. 

2. 

O 50 100 50 200 

TIME (S) 

FIG.23 

  



U.S. Patent Sep. 26, 2006 Sheet 28 Of 90 US 7,112,954 B2 

SOLDER1 (MP=138.3'C) 

5 60 

E 4.5 40 
Se 20 

100 S. 
3.5 80 

E 3 60 
5 40 
e 2.5 20 

2 O 
O 50 00 150 200 

TIME (S) 

FIG. 24 

SOLDER (MP = 38.3°C) 

60 
40 
120 
OO i 

20 170 220 270 320 

TIME (S) 

FIG.25 

  



U.S. Patent Sep. 26, 2006 Sheet 29 of 90 US 7,112,954 B2 

SOLDER (MP=138.3'C) 

60 
40 
120 
100 S. 
80 
60 

O 50 OO 50 200 

TIME (S) 

FIG. 26 

SOLDER1 (MP = 38.3'C) 
5 60 

E 4.5 40 
20 

t 4 100 S. 
3.5 80 

S 3 60 F 
5 40 
S 2.5 20 

2 O 
O 50 OO 150 200 

TIME (S) 

FIG. 27 

  



U.S. Patent Sep. 26, 2006 Sheet 30 Of 90 US 7,112,954 B2 

SOLDER2 (MP=123.9"() 

125.7°C l n 
N 

2 5 -ca 

2 
O 50 OO 50 

TIME (S) 

FIG.28 

SOLDER2 (MP-123.9"() 

40 
20 
100 
80 
60 

40 
20 

i 
O 50 OO 50 200 

TIME (S) 

FIG.29 

  

  

  

  



U.S. Patent Sep. 26, 2006 Sheet 31 Of 90 US 7,112,954 B2 

SOLDER2 (MP=123.9"() 

40 
20 
100 
80 
60 
40 
20 

i 
O 50 OO 50 200 

TIME (S) 

FIG. 30 

35 C-TRIAL) 

--MAGNETICRESPONSE-TEMPERATURE 

e2.54-H - it 9 st 

a 2.5 
& 2.49 - - - 

  



U.S. Patent Sep. 26, 2006 Sheet 32 Of 90 US 7,112,954 B2 

38 C-TRIAL 

- MAGNETICRESPONSE -TEMPERATURE 

3 releastesses 
2.9 
2.8 
2.7 
2.6 
2.5 let 
2.4 Y 

2.3 
2.2 

Estest 160 

É 
3. 

2. 6 

2.5 --to-diolulu. 
60 80 200 220 240 260 280 300 

TIME (S) 

FIG.33 

  



US 7,112,954 B2 Sheet 33 Of 90 Sep. 26, 2006 U.S. Patent 

  

  



U.S. Patent Sep. 26, 2006 Sheet 34 of 90 US 7,112,954 B2 

DISPLAY 
D 

SPATIAL 
SIMULATION 

ENGINE 
SSE 

USER 
INTERFACE 

UI 

FIG. 35 

  

  

  

    

    

  

    

  



U.S. Patent Sep. 26, 2006 Sheet 35 of 90 US 7,112,954 B2 

3600 
\ 3602 

STORE INFORMATION FOR SIMULATING 
ATARGETPARTICLE 

3604 

3606 
STORE INFORMATION FOR SIMULATING 

A CARRIERPARTICLEDESIGN 

3608 DETERMINE THE CONSERVATIVE 
BEHAVORCHARACTERISTICS OFA 

TARGET PARTICLE 

360 
DETERMINEMATERIALS AND 
DIMENSIONS FOR A CARRIER 
PARTICLEDESIGNABOUT 

MATCHING THE CONSERVATIVE 
BEHAVORCHARACTERISTICS 
OF THETARGET PARTICLE 

362 FABRICATE AN ACTUAL 
CARRIER PARTICLEABOUT 

EQUINALENT TO THE 
CARRIERPARTICLE DESIGN 

FIG. 36 
364 

  



U.S. Patent Sep. 26, 2006 Sheet 36 of 90 US 7,112,954 B2 

FIG. 37 3700 

CUBICPARTICLE 
/2 in. 
POLYPROPYLENE EESTOREAR 

Fo=3min EEE Dot-contratorinting 

s 

2 

ERREATE 
OE ENGREC 

e TESSEE 

3702 

POTATO 
Fo = 146 min 

FIG 38 sal is . . . . . . 3800 

CUBICPARTICLE 
3/8 in. 
POLYPROPYLENE 

unterpris 
ECANGEREITC 

ESRRR 
ESETE 
RTRUNCRGEANG 

FoETLincNBmRNA 

RESSEONE RETBTO's 

ourcester WSERIET(c. 179 CE) 
CERNLCLIYREEGONS 

3802 

POTATO 
Fo=93min OVERALIAN REITNs) 

cars (E) Ito (E) 

  

    

  

  

  

  

  

    

  

  

    

  

  

  

    

  

  

    

  



U.S. Patent Sep. 26, 2006 Sheet 37 Of 90 US 7,112,954 B2 

FIG. 39 3900 

SEESSIESING2. R CYLINDRICAL PARTICLE 
1/2 in. x 1/2 in. 
POLYPROPYLENE 
Fo-3 min 

to C.) SE" to 
O editRESESEPEN 

Ensuroiunct 
OSRR. 

D E. EcoRN In Californing 

Sw 

SEESSIESIZ2%rs R s's 

N22 RDEREATE 
st CE Si. 

3902 e NRESSEY 
o TRESESER 

EESTORRR 
REATER 

OREENSEAN 
O) on rootstrict 

FO Erin (20g reductions reached 

NEERE 

E. 
NE3 
NE 
NES 
NE 
NE 

E. 
E. 

POTATO 
WSAITC 1895 CE) Fo=133 min 

(EAGUEENONE 
CRTs is FOIO is 

CYLINDRICAL PARTICLE F O 

3) 8 in. X 3) 8 in. ECAREITC 
POLYPROPYLENE outcastly 
F0=3 min EAE 

TRORONREG 

SAGETO OBE). Ot. 
OERIOUTEIBTONS 

CEOs (23 No El 
CESTORIAR 
ENATEAR 
TERACERNEA 
ENERGEG 

25E.Ession 
F0 in 20logroductions reached 

Eli OSTANCEROSRFACE 

POTATO 
Fo = 84 min 

    

    

    

    

  

    

    

  

  

  

  

      

  

  

  

      

    

      

  

    

  

  

  

  

  

  

  

    

    

  



U.S. Patent Sep. 26, 2006 Sheet 38 of 90 US 7,112,954 B2 

400 
CUBICPARTICLE 
l/2 in. 2.7mm i. / 

12.7mm 

CENTER OF PARTICLE 
f 

402 

  





U.S. Patent Sep. 26, 2006 Sheet 40 of 90 US 7,112,954 B2 

s 

s 

is 
is as 
rf N 

s N N Ns 

N N es 
s ce) s 
an r 

N 
m 

s 

o 

s 

s s 

  



US 7,112,954 B2 Sheet 41 of 90 Sep. 26, 2006 U.S. Patent 

@SAWWISH 

[×] Fin?lºØZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZ 0077 

  

  

    

  

  

  

  

  

  

    

  

  

  

  

  

  

  

  

  

  

  
  

  

  

  

  

    

  

  

  

  

  

  



US 7,112,954 B2 Sheet 42 of 90 Sep. 26, 2006 

) 

$ $ 9H 

U.S. Patent 

    

  

  

  





U.S. Patent Sep. 26, 2006 Sheet 44 of 90 US 7,112,954 B2 

S. N y so p co 
s N. s as f f us 

N N Lar N 
son f y SN 

s 

s 

s s 

  

  

  

    



US 7,112,954 B2 Sheet 45 of 90 Sep. 26, 2006 U.S. Patent 

8 % 

  



US 7,112,954 B2 Sheet 46 of 90 Sep. 26, 2006 U.S. Patent 

006ff 
) u 

W 

  

  

  

    
  

  

  



US 7,112,954 B2 Sheet 47 of 90 Sep. 26, 2006 U.S. Patent 

0009 

EZZZZZZZZZZ$)|$[] 
| 0 % 

IN?TRI?RINIOJ 
  

  



US 7,112,954 B2 Sheet 48 of 90 Sep. 26, 2006 U.S. Patent 

0019 

W 

  

  

  

  



U.S. Patent Sep. 26, 2006 Sheet 49 of 90 US 7,112,954 B2 

CUBICPARTICLE 
3/8 IN. 9.5mm 5200 

CENTER OF PARTICLE 

  



US 7,112,954 B2 Sheet 50 of 90 Sep. 26, 2006 U.S. Patent 

() 

0089 

  

  











US 7,112,954 B2 Sheet 55 of 90 Sep. 26, 2006 U.S. Patent 

0089 

89 '0H 

  

  



US 7,112,954 B2 Sheet 56 of 90 Sep. 26, 2006 U.S. Patent 

  



US 7,112,954 B2 

09:0H 

Sheet 57 Of 90 Sep. 26, 2006 

0009 

U.S. Patent 

  



US 7,112,954 B2 Sheet 58 Of 90 Sep. 26, 2006 U.S. Patent 

() 

0019 

| 

9 9H IN?TROWEJVIORI 

  



U.S. Patent Sep. 26, 2006 Sheet 59 of 90 US 7,112,954 B2 

s ce un 
re s N 

y N O o 

N s n O 1. 

C 

c s 

s se 

n e 

l 
V 

s 

s 

  

    

    

  

    

  

  

  

  



U.S. Patent Sep. 26, 2006 Sheet 60 of 90 US 7,112,954 B2 

CYLNDRICAL PARTICAL 
1/2 N. X /2 N. 2.7mm : 6300 

CENTER OF PARTICLE 

FIG. 63 6304 6302 

  





U.S. Patent Sep. 26, 2006 Sheet 62 of 90 US 7,112,954 B2 

POTATO 
1/2 N. X l/2IN. 

FIG. 65 

  



US 7,112,954 B2 Sheet 63 of 90 Sep. 26, 2006 U.S. Patent 

? (; FIJ (): 

  



U.S. Patent Sep. 26, 2006 Sheet 64 of 90 US 7,112,954 B2 

TPX 
1/2 IN.X1/2 IN. 

6702 

FIG. 67 

  





U.S. Patent Sep. 26, 2006 Sheet 66 of 90 US 7,112,954 B2 

5,085mm 

  



US 7,112,954 B2 Sheet 67 of 90 Sep. 26, 2006 U.S. Patent 

0001 

  

  

  

  

  



U.S. Patent Sep. 26, 2006 Sheet 68 of 90 US 7,112,954 B2 

702 

  





U.S. Patent Sep. 26, 2006 Sheet 70 of 90 US 7,112,954 B2 

7300 

POLYPROPYLENE 
1/2 N.Y 1/2 IN. 

7302 

7304 

FIG.73 

  



U.S. Patent Sep. 26, 2006 Sheet 71 Of 90 US 7,112,954 B2 

CYLNDRICAL PARTICAL 
3/8 N. X3/8 N. 9.5mm J400 

CENTER OF PARTICLE 
  



US 7,112,954 B2 Sheet 72 of 90 Sep. 26, 2006 U.S. Patent 

DOSI 

  

  

  

  

  

        

  

  

  

  

  

  
  

  

  

  

  

  

  



U.S. Patent Sep. 26, 2006 Sheet 73 of 90 US 7,112,954 B2 

POTATO 
3/8 N. X3/8IN. 

7602 

FIG.76 

  





U.S. Patent Sep. 26, 2006 Sheet 75 Of 90 US 7,112,954 B2 

TPX 
3/8 IN.X3/8 IN. 

  





U.S. Patent Sep. 26, 2006 Sheet 77 of 90 US 7,112,954 B2 

8002 3.84mm 

FIG.80 

  





U.S. Patent Sep. 26, 2006 Sheet 79 of 90 US 7,112,954 B2 

FIG. 82 

  





U.S. Patent Sep. 26, 2006 Sheet 81. Of 90 US 7,112,954 B2 

8400 

POYPROPYLENE 
3/8 INX3/8 IN. 

8402 

8404 

FIG. 84 

  



U.S. Patent Sep. 26, 2006 Sheet 82 of 90 US 7,112,954 B2 

8500 8502 
Ya 

8504 SIMULATE HEATING 
OFATARGET FOOD 
PARTICLE UNTILA 
TARGETLETHALITY 
ISACCUMULATED 

8506 SIMULATEA CARRIER 
PARTICLE UNDER 

SIMILAR CONDITIONS 
AND THESAMETIME PERIOD 

8508 DETERMINE CONSERVATIVE 
THICKNESS OF THE WALL 
BETWEENTHE INTERIOR 
CAVITY AND EXTERIOR 

OF THE CARRIER 
PARTICLE 

850 (ALCULATE THE 
WEIGHT OF THE 
CARRIERPARTICLE 

8512 

FIG. 85 

    

  

  



US 7,112,954 B2 Sheet 83 of 90 Sep. 26, 2006 U.S. Patent 

99 '0H 

NSDISEJOJ CHO 

0098 

  



US 7,112,954 B2 Sheet 84 of 90 Sep. 26, 2006 U.S. Patent 

0018 

  

  



U.S. Patent Sep. 26, 2006 Sheet 85 of 90 US 7,112,954 B2 

8800 

CENTER 
OF PARTICLE 

CLOSEWINDOW 

FIG. 88A 

  



U.S. Patent Sep. 26, 2006 Sheet 86 of 90 US 7,112,954 B2 

8802 

lux 
TOPVIEW 

RADIUS- 683 AM 
HALFTHICKNESS 635 mm 
WALL THICKNESS 267 MN 

CLOSEWINDOW 

FIG. 88B 
8804 

  



U.S. Patent Sep. 26, 2006 Sheet 87 of 90 US 7,112,954 B2 

89.00 

A. Y. A - FAAF 
arra 

CENTER OF 
PARTICLE 

CLOSEWINDOW 

FIG. 89A 

  



U.S. Patent Sep. 26, 2006 Sheet 88 Of 90 US 7,112,954 B2 

LETHALITYMAP 

42.43.45.48.53.59.68.81.100.132. 
14.15.16.18.2.26. 33.44.3.100 
6.1647.18410.13.18.2744.81. 

3|||||s. 
7 Nails 

|-1||NF||R1 678 IlliS5438,418.48. 
4568 12 A3.67.116.45. 
|||||PAF-I-II ana, 3.34.695 2.96.114.42. 

HALFTHICKNESS(L): 635 m 
WALL THCKNESS: 1.9 mm 

CLOSEWINDOW 

FIG. 89B 

  



U.S. Patent Sep. 26, 2006 Sheet 89 of 90 US 7,112,954 B2 

CENTER OF 
PARTICLE 

CLOSEWINDOW 

FIG.90A 

  



U.S. Patent Sep. 26, 2006 Sheet 90 Of 90 US 7,112,954 B2 

TOPWEW 9002 

9004 

RADIUSE 635 MM 
WALL THICKNESS: 267 mm 

CLOSEWINDOW 

FIG.90B 

  



US 7,112,954 B2 
1. 

METHODS, SYSTEMS, AND DEVICES FOR 
EVALUATION OF THERMAL TREATMENT 

RELATED APPLICATIONS 

This application claims the benefit of U.S. Provisional 
Patent Application Ser. No. 60/443.298, filed Jan. 28, 2003, 
entitled “Methods, Systems, and Devices for Evaluation of 
Thermal Treatment'; the disclosure of which is incorporated 
herein by reference in its entirety. 

Additionally, co-pending U.S. patent application Ser. No. 
09/804,366, filed Mar. 12, 2001, entitled “Method and 
System for Conservative Evaluation, Validation and Moni 
toring of Thermal Processing, is incorporated herein by 
reference in its entirety. 

GOVERNMENT INTEREST 

This work was supported by the National Science Foun 
dation (NSF) pursuant to contract number MCB 963 1375. 
The Government has certain rights in the invention. 

TECHNICAL FIELD 

The subject matter disclosed herein relates generally to 
thermal treatment of materials. More particularly, the subject 
matter disclosed herein relates to methods, systems, and 
devices for evaluating Such processing. 

BACKGROUND ART 

It will be appreciated by those of skill in the art that 
thermal processing of particulate-containing food products 
is difficult to accomplish in an efficient but effective manner. 
Particulate-containing food products are also described in 
the art as multi-phase food products, or as multi-phase 
foods, in that these products include liquids and solids. 

Traditionally, thermal processing of particulate-contain 
ing food products involved the placing of the product in 
individual cans, followed by thermal treatment of the prod 
uct within the can. The process is generally effective in 
removing microbial contamination and in providing a food 
product that is safe for consumption. However, this process 
is labor and machinery-intensive and time-consuming. Thus, 
this process lacks efficiency. 

Continuous thermal processing generally involves the 
thermal processing of the food product as a stream or flow 
in one line while processing the containers or cans in which 
the food will be stored in another line. The food product is 
then placed in the container under appropriate conditions 
wherein microbes and their spores are excluded. Continuous 
thermal processing thus enables unlimited package size, 
yielding increased efficiencies and reduced costs to the 
industry and ultimately to the consumer. Continuous thermal 
processing is sometimes also called aseptic processing the 
art. 

In the United States, each continuous thermal process for 
use in the treatment of food must be described in a document 
to be filed with the United States Food and Drug Adminis 
tration (FDA) for approval before it can be implemented in 
industry. Because of the problems associated with uniform 
treatment in the continuous thermal process, the FDA sub 
jects these documents, hereinafter referred to as “FDA 
process filings”, “process filings” or "FDA filings’, to rig 
orous scrutiny. 

To gain FDA approval, a process filing must demonstrate 
biovalidation of the process, among other information. As is 
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2 
known in the art, biovalidation refers to data showing that 
the process was effective in removing contamination of the 
food product by microbes and their spores. To determine 
biovalidation, conservative residence time distribution mea 
Surements are required. Lengthy test runs must be performed 
to generate the conservative residence time distribution 
measurements. Such test runs require a great deal of time 
and involve the loss of a great deal of the food product, as 
the food product that is part of the test runs have prevented 
the wide scale adoption in the industry of continuous ther 
mal processing of particulate-containing food products. 
The current state of the art for process evaluation and 

validation of continuous thermal processes for particulate 
containing food particles, including low acid multi-phase 
foods, has evolved over a number of years through the joint 
efforts of the Center for Advanced Processing and Packaging 
Studies and the National Center for Food Safety and Tech 
nology. Currently, it includes a three (3)-stage sequence. The 
first stage of the sequence primarily includes process mod 
eling and simulation that provides predicted Scenarios for 
the efficacy of process with respect to microbial lethality. 
The second stage of the sequence includes experimental 
measurements of real or simulated particle residence times 
while flowing through the system for a sufficient number of 
replications for each particulate product component to pro 
vide statistically acceptable (i.e. representative) data for 
particle velocities to ensure that a portion of the fastest 
moving particles has been captured and their residence times 
recorded for modeling purposes. The third and final stage of 
process evaluation and validation is a biological validation 
including the use of thermoresistant bacterial spore loads 
within simulated food particles to demonstrate the achieve 
ment of appropriate cumulative thermal time and tempera 
ture by the implemented process—sufficient to lethally 
injure all bacterial spores present within the test particles. 

Procedures disclosed in the art attempt to implement these 
stages by using various methods of particle residence time 
measurement. For example, U.S. Pat. No. 5,261,282 to 
Grabowski et al. discloses the use of implanted radio fre 
quency transponders to identify simulated particles passing 
through a continuous process system. U.S. Pat. No. 5,741, 
979 to Arndt et al. discloses the use of dipole antenna marker 
implants in the particles and microwave transducer detectors 
to measure particle residence times. 

Segner et al., “Biological Evaluation of a Heat Transfer 
Simulation for Sterilizing Low-Acid Large Particulate 
Foods for Thermal Packaging”, Journal of Food Processing 
and Preservation, 13:257 274, (1989); Tucker, G. S. and 
Withers, P. M., “Determination of Residence Time Distri 
bution of Food Particles in Viscous Food Carrier Fluids 
using Hall effect sensors”, Technical Memorandum 667, 
Campden Food and Drink Research Association (CFDRA), 
Campden, Glos., U.K. (1992); "Case Study for Condensed 
Cream of Potato Soup'. Aseptic Processing of Multi-phase 
Foods Workshop, Nov. 14–15, 1995 and Mar. 12–13, 1996 
(published 1997); U.S. Pat. No. 5,750,907 to Botos et al.: 
U.S. Pat. No. 5,739,437 to Sizer et al.; and U.S. Pat. No. 
5,876,771 to Sizer et al. all disclose the use of permanent 
magnets for implants (single tag type) and a variety of 
magnetic field sensors to detect and record their passage 
through several system segments and locations. 
The necessity for measurements of particle residence time 

and Subsequent biological process validation using bacterial 
spores is a result of the current inability to measure tem 
perature in the “cold spot” (the slowest heating point within 
a particle) of the fastest moving, slowest heating particle 
present in the continuously thermally processed multiphase 
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product. Several techniques have been proposed in the art 
for this purpose and can be grouped into two groups: 
techniques implementing cross sectional imaging/tomogra 
phy of the entire flow profile and techniques implementing 
thermosensitive implants in specific particle locations. 

Magnetic resonance imaging thermometry, such as that 
disclosed by Litchfield et al., “Mapping Food Temperature 
with Magnetic Resonance Imaging. National Research 
Initiative Competitive Grant Program, Cooperative State 
Research, Education, and Extension Service, United States 
Department of Agriculture (March 1998), is a non-obstruct 
ing and non-contact method, but is not rapid enough to 
provide in-line real time measurements. It took eight sec 
onds to image a single 64x64 cross-sectional temperature 
map. During this time a considerable quantity of product 
would pass the detector unmonitored. It is also extremely 
complex and cumbersome for these types of measurements, 
requiring complicated technology, highly trained personnel, 
and specialized power and power conditioning. Due to all 
these factors, the number of windows/cross sections that can 
be observed and monitored within the process equipment is 
very limited, i.e. the detection of the initial location where 
the lethal thermal treatment temperature is achieved cannot 
be determined for all possible cases. The applicability of 
detection through stainless steel equipment walls without 
special ports or windows is unclear. 

Similar shortcomings are evident with the other tomo 
graphic/cross sectional imaging techniques implementing 
ultrasonic tomography and tomographic reconstruction, 
such as that disclosed in U.S. Pat. No. 5,181,778 to Beller. 
Particularly, due to system complexity, the number of 
observed cross sections is limited. Another problem with the 
Beller system is the potential for misidentifying the thermal 
profiles occurring within or outside of the particle. For 
example, Beller discloses that the curve of the speed of 
Sound versus temperature for potatoes approximately paral 
leled that of water above about 110° C. This indicates a 
potential material and location misidentification of fluid vs. 
Solid temperatures. Additionally, standardization and cali 
bration curves must be generated for each and every poten 
tial product component, necessitating a very laborious and 
lengthy measurement and calibration procedure prior to 
implementation. The applicability of detection through 
stainless-steel equipment walls without special ports or 
windows is also unclear. 

Methodologies that implement thermosensitive implants 
include the local magnetic temperature measurement 
approach disclosed in U.S. Pat. No. 5,722.317 to Ghiron et 
al. Ghiron et al. disclose the use of spherical paramagnetic 
particles for implants and detector coils around the pipes for 
sensors. The approach then implements the correlation 
between the falling magnetic field strength and temperature 
increase to calculate the implant temperature from the 
signals of three sensor coils. However, the negative corre 
lation between the measured magnetic field and the increas 
ing temperature employed by the Ghiron et al. approach can 
cause a non-conservative temperature estimation, i.e. the 
resulting calculation can indicate a higher temperature than 
is actually present in the implant. This is due to the fact that 
magnetic field reduction can be caused by a variety of 
factors other than temperature increase in the implant. Such 
as the particle or the detection system being out of calibra 
tion, reduction of sensitivity of the detection system, and 
obstruction of detection by other materials such as other 
present food particles. The complexity of the system dis 
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closed by Ghiron et al. also limits the number of observation 
points as well as the applicability at high-temperature, short 
time processing levels. 
The Campden and Chorleywood Food Research Associa 

tion in Great Britain reports on the use of a Temperature 
Responsive Inductance Particle (TRIP) sensor, which can be 
placed in the food product. The time temperature history of 
the sensor is purportedly monitored/logged in real time 
outside the processing equipment/environments. See 
Research Summary Sheets, 1997-68, “TRIP A New 
Approach to the Measurement of Time and Temperature in 
Food Processing Systems’. Most of the details of this 
methodology are not publicly available. However, one of the 
accessible, limited reports indicates that the sensor size is 
about 5 mm in diameter. This size precludes its use to 
measure the “cold spot” temperatures in aseptically pro 
cessed particles. Additionally, no disclosure is made with 
respect to capability for the monitoring through stainless 
steel equipment and current applicability to continuous 
processes. 
One common shortcoming of all available systems is the 

inability to provide a detectable particle that closely mimics 
the behavior of an actual food particle. This is a serious 
disadvantage due to the fact that the detectable particle will 
not provide an accurate temperature measurement of a food 
particle’s “cold spot” temperature. This can result in a 
non-conservative measurement and therefore non-conserva 
tive process evaluation. Thus, what is needed is a method, 
system, and device that can provide conservative tempera 
ture measurements in a continuous thermal processing of 
particulate-containing food products, batch, or other appli 
cations. 

SUMMARY 

According to one embodiment, a magnetically detectable 
particle is disclosed for generating a temperature measure 
ment for a batch or a continuous stream of material. The 
particle can include a first and second magnet each com 
prising a positive and negative pole. The particle can also 
include an adhesive having a release temperature and oper 
able to attach one or both of the positive and negative poles 
of the first magnet proximate to the same polarity pole of the 
second magnet or to attach one of the positive and negative 
poles of the first magnet between the poles of the second 
magnet below the release temperature Such that a first 
magnetic field is generated by the first and second magnet. 
The adhesive can also be operable to release the first and 
second magnets from one another above the release tem 
perature. The first and second magnets can move with 
respect to one another when the adhesive releases the first 
and second magnets such that one of the positive and 
negative poles of the first magnet moves toward the oppos 
ing polarity pole of the second magnet for generating a 
second magnetic field different than the first magnetic field 
to indicate a temperature measurement for the batch or 
continuous stream. 

According to a second embodiment, a method is disclosed 
for generating a temperature measurement for a batch or a 
continuous stream of material. The method can include a 
step for providing a magnetically detectable particle. The 
particle can include a first and second magnet each com 
prising a positive and negative pole. The particle can also 
include an adhesive having a release temperature and oper 
able to attach one or both of the positive and negative poles 
of the first magnet proximate to the same polarity pole of the 
second magnet or to attach one of the positive and negative 
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poles of the first magnet between the poles of the second 
magnet below the release temperature Such that a first 
magnetic field is generated by the first and second magnet. 
The adhesive can also be operable to release the first and 
second magnets from one another above the release tem 
perature. The first and second magnets can move with 
respect to one another when the adhesive releases the first 
and second magnets such that one of the positive and 
negative poles of the first magnet moves toward the oppos 
ing polarity pole of the second magnet for generating a 
second magnetic field different than the first magnetic field 
to indicate a temperature measurement for the batch or 
continuous stream. The method can also include a step for 
inserting the detectable particle into the batch or continuous 
stream. Further, the method can include a step for detecting 
a change in magnetic field strength of the detectable particle 
to thereby generate a temperature measurement for the batch 
or continuous stream. 

According to a third embodiment, a system is disclosed 
for generating a temperature measurement for a batch or a 
continuous stream of material. The system can include a 
magnetically detectable particle. The particle can include a 
first and second magnet each comprising a positive and 
negative pole. The particle can also include an adhesive 
having a release temperature and operable to attach one or 
both of the positive and negative poles of the first magnet 
proximate to the same polarity pole of the second magnet or 
to attach one of the positive and negative poles of the first 
magnet between the poles of the second magnet below the 
release temperature Such that a first magnetic field is gen 
erated by the first and second magnet. The adhesive can also 
be operable to release the first and second magnets from one 
another above the release temperature. The first and second 
magnets can move with respect to one another when the 
adhesive releases the first and second magnets such that one 
of the positive and negative poles of the first magnet moves 
toward the opposing polarity pole of the second magnet for 
generating a second magnetic field different than the first 
magnetic field to indicate a temperature measurement for the 
batch or continuous stream. The system can also include a 
detector for detecting a change from the first magnetic field 
to the second magnetic field to thereby generate a tempera 
ture measurement for the batch or continuous stream. 

According to a fourth embodiment, a method is disclosed 
for generating a temperature measurement for a batch or a 
continuous stream of material. The method can include a 
step for providing a plurality of magnetically detectable 
particles. Each particle can include a first and second magnet 
each comprising a positive and negative pole. Each particle 
can also include an adhesive having a release temperature 
and operable to attach one of the positive and negative poles 
of the first magnet to the same polarity pole of the second 
magnet or between the poles of the second magnet below the 
release temperature Such that a first magnetic field is gen 
erated by the first and second magnet, and operable to 
release the first and second magnets from one another above 
the release temperature. The first and second magnets can 
move with respect to one another when the adhesive releases 
the first and second magnets Such that one of the positive and 
negative poles of the first magnet moves toward the oppos 
ing polarity pole of the second magnet for generating a 
second magnetic field different than the first magnetic field 
to indicate a temperature measurement for the batch or 
continuous stream. The method can also include a step for 
inserting the detectable particles into the batch or continuous 
stream. Further, the method can include a step for detecting 
a change in magnetic field strength from each of the detect 
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6 
able particles to thereby generate a temperature measure 
ment for the batch or continuous stream. 

According to a fifth embodiment, a magnetically detect 
able particle is disclosed for generating a temperature mea 
Surement for a batch or a continuous stream of material. The 
particle can include a first, second, and third magnet each 
comprising a positive and negative pole. The first adhesive 
can have a first release temperature and operable to attach 
the negative pole of the first magnet to the negative polarity 
pole of the second magnet below the first release tempera 
ture, and operable to release the first and second magnets 
from one another above the first release temperature. The 
second adhesive can have a second release temperature and 
operable to attach the positive pole of the third magnet to the 
positive pole of the second magnet below the first release 
temperature, and operable to release the second and third 
magnets from one another above the first release tempera 
ture. A first magnetic field can be generated by the first, 
second, and third magnets when the first magnet and third 
magnets are attached to the second magnet. The first and 
second magnets can move with respect to one another when 
the first adhesive releases the first and second magnets Such 
that the positive pole of the first magnet moves toward the 
negative pole of the second magnet for generating a second 
magnetic field different than the first magnetic field to 
indicate a first temperature measurement for the batch or 
continuous stream. The second and third magnets can move 
with respect to one another when the second adhesive 
releases the second and third magnets such that the negative 
pole of the third magnet moves toward the positive pole of 
the second magnet for generating a third magnetic field 
different than the first magnetic field to indicate a second 
temperature measurement for the batch or continuous 
Stream. 

According to a sixth embodiment, a magnetically detect 
able particle is disclosed for generating an environmental 
condition measurement. The particle can include a first and 
second magnet each comprising a positive and negative 
pole. The particle can also include an adhesive operable to 
attach one of the positive and negative poles of the first 
magnet to the same polarity pole of the second magnet or 
between the poles of the second magnet when a predeter 
mined environmental condition is not detected Such that a 
first magnetic field is generated by the first and second 
magnet. The adhesive can also be operable to release the first 
and second magnets from one another when the predeter 
mined environmental condition is detected. The first and 
second magnets can move with respect to one another when 
the adhesive releases the first and second magnets such that 
one of the positive and negative poles of the first magnet 
moves toward the opposing polarity pole of the second 
magnet for generating a second magnetic field different than 
the first magnetic field to indicate a temperature measure 
ment for the batch or continuous stream. 

According to a seventh embodiment, a method is dis 
closed for generating an environmental condition measure 
ment in an environment. The method can include a step for 
providing a magnetically detectable particle. The particle 
can include a first and second magnet each comprising a 
positive and negative pole. The particle can also include an 
adhesive operable to attach one of the positive and negative 
poles of the first magnet to the same polarity pole of the 
second magnet when a predetermined environmental con 
dition is not detected Such that a first magnetic field is 
generated by the first and second magnet. The adhesive can 
also be operable to release the first and second magnets from 
one another when the predetermined environmental condi 
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tion is detected. The first and second magnets can move with 
respect to one another when the adhesive releases the first 
and second magnets such that one of the positive and 
negative poles of the first magnet moves toward the oppos 
ing polarity pole of the second magnet for generating a 
second magnetic field different than the first magnetic field 
to indicate a temperature measurement for the batch or 
continuous stream. The method can also include a step for 
inserting the detectable particle into the environment. Fur 
ther, the method can include a step for detecting a change in 
magnetic field strength of the detectable particle to thereby 
generate a temperature measurement for the environment. 

According to an eighth embodiment, a system is disclosed 
for generating an environmental condition measurement for 
an environment. The system can include a magnetically 
detectable particle. The particle can include a first and 
second magnet each comprising a positive and negative 
pole. The particle can also include an adhesive operable to 
attach one of the positive and negative poles of the first 
magnet to the same polarity pole of the second magnet when 
a predetermined environmental condition is not detected 
Such that a first magnetic field is generated by the first and 
second magnet. The adhesive can also be operable to release 
the first and second magnets from one another when the 
predetermined environmental condition is detected. The first 
and second magnets can move with respect to one another 
when the adhesive releases the first and second magnets 
such that one of the positive and negative poles of the first 
magnet moves toward the opposing polarity pole of the 
second magnet for generating a second magnetic field dif 
ferent than the first magnetic field to indicate a temperature 
measurement for the batch or continuous stream. The system 
can also include a detector for detecting a change from the 
first magnetic field to the second magnetic field to thereby 
generate an environmental condition measurement for the 
environment. 

According to a ninth embodiment, a magnetically detect 
able particle is disclosed for generating a temperature mea 
Surement for a batch or a continuous stream of material. The 
particle can include a plurality of sets of first and second 
magnets, each of the first and second magnets comprising a 
positive and negative pole. The particle can also include a 
plurality of adhesives each corresponding to one of the sets 
of first and second magnets, the adhesives each having a 
release temperature and each adhesive operable to attach one 
of the positive and negative poles of the corresponding first 
magnet between the positive and negative poles of the 
corresponding second magnet below the release temperature 
Such that a first magnetic field is generated by the corre 
sponding first and second magnet. Each adhesive can also be 
operable to release the first and second magnets from one 
another above the release temperature. The corresponding 
first and second magnets can move with respect to one 
another when the adhesive releases the corresponding first 
and second magnets such that one of the positive and 
negative poles of the corresponding first magnet moves 
toward the opposing polarity pole of the corresponding 
second magnet for generating a second magnetic field dif 
ferent than the first magnetic field to indicate a temperature 
measurement for the batch or continuous stream. 

According to a tenth embodiment, a device is disclosed 
for generating a temperature measurement for a batch or 
continuous stream of material. The device can include a 
detectable particle comprising a signal that changes at a 
predetermined temperature. The device can also include a 
carrier particle comprising an interior cavity holding the 
detectable particle. The carrier particle can have a conser 
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Vative behavior characteristic matching a target particle, 
wherein the thermal protection provided by the carrier 
particle to the interior cavity is greater than or equivalent to 
conservative thermal behavior of a target particle at its cold 
spot under similar heating conditions. 

According to an eleventh embodiment, a method is dis 
closed for generating a temperature measurement for a batch 
or a continuous stream of material. The method can include 
a step for providing a device including a detectable particle 
comprising a signal that changes at a predetermined tem 
perature. The device can also include a carrier particle 
comprising an interior cavity holding the detectable particle. 
The carrier particle comprises a conservative behavior char 
acteristic matching a target particle, wherein the thermal 
protection provided by the carrier particle to the interior 
cavity is greater than or equivalent to conservative behavior 
characteristics of a target particle to the cold spot under 
similar heating conditions. The method can also include a 
step for inserting the device into the batch or continuous 
stream. Further, the method can include a step for detecting 
a signal change of the device to thereby generate a tempera 
ture measurement for the batch or continuous stream. 

According to a twelfth embodiment, a method is disclosed 
for providing a carrier particle with conservative behavior 
characteristics in a batch or continuous stream of material. 
The method can include a step for determining conservative 
behavior characteristics of a target particle found in a batch 
or continuous stream of material. The method can also 
include a step for determining material and dimensions for 
a carrier particle design that Substantially correspond to one 
or more conservative behavior characteristics of the target 
particle. 

According to a thirteenth embodiment, a method is dis 
closed for providing a carrier particle with conservative 
behavior characteristics in a batch or continuous stream of 
material. The method can include a step for simulating 
thermal treatment of a target particle until a predetermined 
lethality is accumulated. The method can also include a step 
for simulating a carrier particle under the same thermal 
treatment simulated in the first step. The carrier particle can 
have an interior cavity and a wall. Further, the method can 
include a step for determining a conservative thickness for 
the wall of the carrier particle such that the interior cavity of 
the carrier particle can receive the same predetermined 
lethality as the target particle under the thermal treatment 
simulated in the first step. 

According to a fourteenth embodiment, a system is dis 
closed for aiding the design of a carrier particle with 
conservative behavior characteristics in a batch or continu 
ous stream of material. The system can include a memory 
comprising conservative behavior characteristics of a target 
particle used in a batch or continuous stream of material. The 
system can also include a spatial simulation engine operable 
to simulate material and dimensions of a carrier particle 
design for matching the conservative behavior characteris 
tics of the target particle. 

According to a fifteenth embodiment, computer-readable 
medium is disclosed having Stored thereon instructions for 
aiding the design of a carrier particle with conservative 
behavior characteristics in a batch or continuous stream of 
material. The computer-readable medium can include 
instructions for determining conservative behavior charac 
teristics of a target particle used in a batch or continuous 
stream of material. The computer-readable medium can also 
include instructions for determining material and dimen 
sions for a carrier particle design about matching the con 
servative behavior characteristics of the target particle. 
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According to a sixteenth embodiment, a computer-read 
able medium is disclosed having stored thereon instructions 
for aiding the design of a carrier particle with conservative 
behavior characteristics in a batch or continuous stream of 
material. The computer-readable medium can include 
instructions for simulating thermal treatment of a target 
particle until a predetermined lethality is accumulated. The 
computer-readable medium can also include instructions for 
simulating a carrier particle under the same thermal treat 
ment simulated in the first step. The carrier particle can have 
an interior cavity and a wall. Further, the computer-readable 
medium can include instructions for determining a conser 
vative thickness for the wall of the carrier particle such that 
the interior cavity of the carrier particle can receive the same 
predetermined lethality as the target particle under the 
thermal treatment simulated in the first step. 
Some of the objects of the invention having been stated 

hereinabove, and which are addressed in whole or in part by 
the present invention, other objects will become evident as 
the description proceeds when taken in connection with the 
accompanying drawings as best described hereinbelow. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Exemplary embodiments of the subject matter will now 
be explained with reference to the accompanying drawings, 
of which: 

FIG. 1 is a schematic diagram of combining a first and 
second magnet at opposing magnetic poles to achieve a 
combined magnet; 

FIG. 2 is a schematic diagram of the result of combining 
a first and second magnet at similar magnetic poles to 
achieve a combined magnet; 

FIGS. 3A, 3C, and 3E are schematic diagrams of a 
magnetically detectable particle in a state below a predeter 
mined conservative temperature; 

FIGS. 3B, 3D, and 3F are schematic diagrams of the 
magnetically detectable particle of FIGS. 3A, 3C, and 3F, 
respectively, in a state above a predetermined conservative 
temperature; 

FIGS. 3G-3I are schematic diagrams of the assembly and 
operation of one embodiment of a magnetically detectable 
particle comprising multiple magnets; 

FIGS. 3J–3L are schematic diagrams of carrier particles 
comprising multiple detectable particles; 

FIG. 4 is a schematic diagram of the principle of forced 
coupling and fixing similar magnets; 

FIG. 5A is a schematic diagram of another embodiment of 
a magnetically detectable particle in a state below a prede 
termined conservative temperature; 

FIG. 5B is a schematic diagram of the magnetically 
detectable particle of FIG. 5A in a state above the predeter 
mined conservative temperature; 

FIG. 6A is a schematic diagram of another embodiment of 
a magnetically detectable particle in a state below a prede 
termined conservative temperature; 

FIG. 6B is a schematic diagram of the magnetically 
detectable particle of FIG. 6A in a state above the predeter 
mined conservative temperature; 

FIG. 6C is a schematic diagram of another embodiment of 
a magnetically detectable particle in a state below a prede 
termined conservative temperature; 

FIGS. 6D and 6E are schematic diagrams of the magneti 
cally detectable particle of FIG. 6C in a state above the 
predetermined conservative temperature; 
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FIG. 6F is a schematic diagram of a carrier particle 

comprising a detectable particle comprising more than two 
magnets (e.g. three magnets), all assembled using the same 
adhesive; 

FIG. 7A is a schematic diagram of another embodiment of 
a magnetically detectable particle in a state below a first 
predetermined conservative temperature; 

FIG. 7B is a schematic diagram of the magnetically 
detectable particle of FIG. 7A in a state above the first 
predetermined conservative temperature and below a second 
predetermined temperature; 

FIG. 7C is a schematic diagram of the magnetically 
detectable particle of FIGS. 7A and 7B in a state above the 
first and second predetermined temperatures; 

FIGS. 7D 7G are schematic diagrams of carrier particles 
comprising multiple detectable particles; 

FIG. 8 illustrates a schematic diagram of attaching a first 
and second magnet via a metal alloy and thermo-resistant 
adhesives; 

FIG. 9 is an experimental system for use in demonstrating 
magnetically detectable particles, carrier particles, and 
related devices; 

FIG. 10 is a perspective view of a simulated particle 
containing a coupled magnet sensor/detector, 

FIG. 11 is a perspective view of another simulated particle 
including a thermocouple lead having contact with a magnet 
assembly; 

FIG. 12 is a perspective view of a simulated particle with 
the experimental system of FIG. 9; 

FIG. 13 is a perspective view of a data acquisition system 
including a display for presenting acquired temperature 
information and magnetic field strength data; 

FIGS. 14A-14D are different perspective view of a triple 
magnet assembly being assembled in a simulated particle: 

FIG. 15 is still image of a magnet pair with a U.S. penny 
for providing a size scale perspective; 

FIG. 16 is a graph of magnetic field strength from two 
naturally aligned identical magnets with no heating: 

FIG. 17 is a graph of magnetic field strength from two 
aligned and attached magnets with no heating: 

FIG. 18 is a graph of magnetic field strength from two 
aligned and attached with heating: 

FIG. 19 is a graph showing applied temperature versus 
magnetic field strength; 

FIG. 20 is a graph showing applied temperature versus 
magnetic field strength; 

FIG. 21 is a graph showing applied temperature versus 
magnetic field strength; 

FIG. 22 is a graph showing applied temperature versus 
magnetic field strength; 

FIGS. 23–27 are different graphs of experimental results 
obtained by testing the device shown in FIGS. 3A and 3B 
with an adhesive comprising a metal alloy with a melting 
point of 138.3° C.; 

FIGS. 28–30 are different graphs of experimental results 
obtained by testing the device shown in FIGS. 3A and 3B 
with an adhesive comprising a metal alloy with a melting 
point of 123.9° C.; 

FIG. 31 is a graph of magnetic field strength versus 
temperature obtained using the assembly shown in FIGS. 5A 
and 5B was tested using the experimental system shown in 
FIG. 9; 

FIG. 32 is a graph of magnetic field strength versus 
temperature obtained using the assembly shown in FIGS. 6A 
and 6B was tested using the experimental system shown in 
FIG. 9; 
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FIG. 33 is a graph of magnetic field strength versus 
temperature obtained using the assembly shown in FIG. 7 
was tested using the experimental system shown in FIG. 9; 

FIG. 34 is a schematic diagram of an exemplary system 
for conservative evaluation, validation, and monitoring of 
thermal processing: 

FIG. 35 is a schematic diagram of a computer system that 
can facilitate the design of a carrier particle about matching 
the conservative behavior characteristics of a selected target 
particle; 

FIG. 36 is a flow chart that illustrates a process for 
providing a carrier particle having materials and dimensions 
to provide characteristics for the carrier particle that about 
match the conservative behavior characteristics of a selected 
target particle; 

FIG. 37 is an illustration of two screen displays show 
results indicating that using an overly conservative carrier 
particle design can result in a potato food particle receiving 
cumulative lethality in its cold spot up to two orders of 
magnitude greater than required for commercial sterility; 

FIG.38 is an illustration of two screen displays that show 
other simulations applied to a carrier particle design and 3/8 
inch potato food particle, respectively, under similar condi 
tions; 

FIG. 39 is an illustration of two screen displays that show 
other simulations applied to a carrier particle design and a 
0.5 inchx0.5 inch, cylindrical, potato food particle, respec 
tively, under similar conditions; 

FIG. 40 is an illustration of two screen displays that show 
other simulations applied to a carrier particle design and a 3/8 
inchx3/8 inch, cylindrical, potato food particle, respectively, 
under similar conditions; 

FIG. 41 is a schematic diagram of a 0.5 inch, cubic 
particle design for simulation by a spatial simulation engine; 

FIG. 42 is an illustration of a screen display showing 
exemplary simulation results for cubic particle design of 
FIG. 41; 

FIG. 43 is schematic diagram showing a grid relating to 
FIG. 42 of the result of heating each of its cubes in the 
thermal processing simulation; 

FIG. 44 is an illustration of a screen display showing 
exemplary simulation results for a 0.5 inch TPX carrier 
particle design; 

FIG. 45 is a schematic diagram showing a grid of the 
result of heating the TPX carrier particle design of FIG. 44 
in the same thermal processing simulation of the target 
particle; 

FIG. 46 is an illustration of a screen display showing 
exemplary simulation results for a 0.5 inch nylon carrier 
particle design; 

FIG. 47 is a schematic diagram showing a grid of the 
result of heating the nylon carrier particle design of FIG. 46 
in the same thermal processing simulation of the target 
particle; 

FIG. 48 is an illustration of a screen display showing 
exemplary simulation results for a 0.5 inch TEFLONTM 
carrier particle design; 

FIG. 49 is a schematic diagram showing a grid of the 
result of heating the TEFLONTM carrier particle design of 
FIG. 44 in the same thermal processing simulation of the 
target particle; 

FIG. 50 is an illustration of a screen display showing 
exemplary simulation results for a 0.5 inch polypropylene 
carrier particle design; 
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FIG. 51 is a schematic diagram showing a grid of the 

result of heating the polypropylene carrier particle design of 
FIG. 50 in the same thermal processing simulation of the 
target particle; 

FIG. 52 is a schematic diagram of a 3/8 inch cubic particle 
design for simulation by spatial simulation engine; 

FIG. 53 is an illustration of a screen display showing 
exemplary simulation results for the cubic particle design 
shown in FIG. 52; 

FIG. 54 is a schematic diagram showing a grid of the 
result of heating each of cubes in the thermal processing 
simulation; 

FIG. 55 is an illustration of a screen display showing 
exemplary simulation results for a 3/8 inch TPX carrier 
particle design; 

FIG. 56 is a schematic diagram showing a grid of the 
result of heating each of cubes in the thermal processing 
simulation; 

FIG. 57 is an illustration of a screen display showing 
exemplary simulation results for a 3/8 inch nylon carrier 
particle design; 

FIG. 58 is a schematic diagram showing a grid of the 
result of heating the nylon carrier particle design of FIG. 57 
in the same thermal processing simulation of the target 
particle; 

FIG. 59 is an illustration of a screen display showing 
exemplary simulation results for a 3/8 inch TEFLONTM 
carrier particle design; 

FIG. 60 is a schematic diagram showing a grid of the 
result of heating the TEFLONTM carrier particle design of 
FIG. 59 in the same thermal processing simulation of the 
target particle; 

FIG. 61 is an illustration of a screen display showing 
exemplary simulation results for a 3/8 inch polypropylene 
carrier particle design; 

FIG. 62 is a schematic diagram showing a grid of the 
result of heating the polypropylene carrier particle design of 
FIG. 61 in the same thermal processing simulation of the 
target particle; 

FIG. 63 is a schematic diagram of a cylindrical particle 
design for simulation by spatial simulation engine; 

FIG. 64 is an illustration of a screen display showing 
exemplary simulation results for the cylindrical particle 
design shown in FIG. 63: 

FIG. 65 is a schematic diagram showing a plurality of 
circular portions and the result of heating each of circular 
portions in the thermal processing simulation; 

FIG. 66 is an illustration of a screen display showing 
exemplary simulation results for a 0.5 inch, TPX carrier 
particle design; 

FIG. 67 is a schematic diagram showing a plurality of 
circular portions of the result of heating the TPX carrier 
particle design of FIG. 66 in the same thermal processing 
simulation of the target particle; 

FIG. 68 is an illustration of a screen display showing 
exemplary simulation results for a 0.5 inch nylon carrier 
particle design; 

FIG. 69 is a schematic diagram showing a plurality of 
circular portions of the result of heating the nylon carrier 
particle design of FIG. 46 in the same thermal processing 
simulation of the target particle; 

FIG. 70 is an illustration of a screen display showing 
exemplary simulation results for a 0.5 inch TEFLONTM 
carrier particle design; 

FIG. 71 is a schematic diagram showing a plurality of 
circular portions of the result of heating the TEFLONTM 
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carrier particle design of FIG. 66 in the same thermal 
processing simulation of the target particle: 

FIG. 72 is an illustration of a screen display showing 
exemplary simulation results for a 0.5 inch polypropylene 
carrier particle design; 5 

FIG. 73 is a schematic diagram showing a plurality of 
circular portions of the result of heating the polypropylene 
carrier particle design of FIG. 72 in the same thermal 
processing simulation of the target particle: 

FIG. 74 is a schematic diagram of a cylindrical particle 
design for simulation by a spatial simulation engine; 

FIG. 75 is an illustration of a screen display showing 
exemplary simulation results for the cylindrical particle 
design shown in FIG. 74; 

FIG. 76 is a schematic diagram showing a plurality of 
circular portions of the result of heating each of circular 
portions in the thermal processing simulation; 

FIG. 77 is an illustration of a screen display showing 
exemplary simulation results for a 3/8 inch TPX carrier 20 
particle design; 

FIG. 78 is a schematic diagram showing a plurality of 
circular portions of the result of heating the TPX carrier 
particle design of FIG. 77 in the same thermal processing 
simulation of the target particle: 25 

FIG. 79 is an illustration of a screen display showing 
exemplary simulation results for a 3/8 inch nylon carrier 
particle design; 

FIG. 80 is a schematic diagram showing a plurality of 
circular portions of the result of heating the nylon carrier 
particle design of FIG. 57 in the same thermal processing 
simulation of the target particle: 

FIG. 81 is an illustration of a screen display showing 
exemplary simulation results for a 3/8 inch TEFLONTM 
carrier particle design; 

FIG. 82 is a schematic diagram showing a grid of the 
result of heating the TEFLONTM carrier particle design of 
FIG. 81 in the same thermal processing simulation of the 
target particle; 

FIG. 83 is an illustration of a screen display showing 
exemplary simulation results for a 3/8 inch polypropylene 
carrier particle design; 

FIG. 84 is a schematic diagram showing a grid of the 
result of heating the polypropylene carrier particle design of 45 
FIG. 83 in the same thermal processing simulation of the 
target particle; 

FIG. 85 is a flow chart that illustrates a process for 
designing a carrier particle having characteristics about 
matching the conservative behavior characteristics of a 50 
selected target particle; 

FIG. 86 is an illustration of a screen display of an 
application providing a dropdown menu for selecting a 
target food particle for simulation; 

FIG. 87 is an illustration of a screen display of an 
application providing a menu for receiving operator input 
for designing a carrier particle; 

FIGS. 88A and 88B are illustrations of screen displays of 
an application providing the results of the information 
entered in the screen display of FIG. 87: 

FIGS. 89A and 89B are illustrations of screen displays of 
an application providing exemplary results of simulation 
information entered by an operator, and 

FIGS. 90A and 90B are illustrations of screen displays of 65 
an application providing exemplary results of other simula 
tion information entered by an operator. 
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DETAILED DESCRIPTION 

Temperature measurements for the continuously flowing 
particles in a thermal multi-phase processing system need to 
be performed in such a way that will not obstruct or impede 
the stream of continuously moving product within the sys 
tem. If the stream of the observed targets needs to be 
impeded, slowed down or stopped to implement the mea 
Surement, this will generally result in non-conservative 
measurement and therefore non-conservative process evalu 
ation. 

Temperature measurements therefore need to be per 
formed using non-obstructing, non-contact measurement 
techniques and using a sufficiently rapid response and detec 
tion to enable recording of the temperature in full stream and 
in real time. The detection system should also preferably be 
functional through the existing stainless steel equipment 
without major modifications to the geometry or material 
structures. Finally, embodiment of a temperature measure 
ment method and system should measure temperature in the 
“cold spot' of the fastest moving, slowest heating particle 
present in the continuously thermally processed multi-phase 
product. 

Particularly, methods and systems are provided that can 
conservatively generate temperature measurements in batch 
and in continuous thermal processing of particulate-contain 
ing food products, among other applications. In some 
embodiments, the methods and systems described herein can 
implement a large number of inexpensive, robust, thermally 
stable sensors adjusted to cover and monitor the entire 
length of a process hold tube and reliably ensure the detec 
tion of the time and place of target temperature achievement, 
regardless of its location along the tube length. Thus, a 
conservative temperature measurement is assured for all 
processed products and particle types without complicated 
system modifications. Optionally, the number (and thus 
system sensitivity) and density of sensors can be increased 
at specific path areas of interest to enable more precise 
location and measurement. 

While treatment of the methods and systems described 
herein can be applied to food products, other representative 
applications include other types of thermal treatment, Such 
as enzymatic inactivation, thermal inactivation or destruc 
tion of other harmful components (viruses, toxins, carcino 
gens, mutagens, and contaminants); thermal or catalytic 
process enhancement; and thermal treatments of various 
materials required to achieve either a minimum temperature 
or a minimum time-temperature process combination. The 
Subject matter disclosed herein thus pertains to temperature 
measurement methods and systems that provide conserva 
tive measurement with respect to a variety of particles. Such 
as real food particles with no characteristic compensation or 
adjustment; non-food biomaterial particles; and organic and 
inorganic thermally treated particles, whether natural or 
fabricated. 

Conservative temperature measurement is defined herein 
as a measurement that provides temperature detection only 
when a selected minimum temperature is reached by the 
observed target. Conservative temperature measurement is 
of particular importance in thermal microbicidal treatments 
Such as pasteurization and sterilization since it provides a 
tool to assure that the minimal required cumulative micro 
bicidal thermal process has been received by the observed 
target. Correspondingly, then, a conservative temperature 
evaluation method as referred to herein is a method that 
assures detection and recording of all temperatures exceed 
ing a preselected or predetermined temperature level. 
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Following long-standing patent law convention, the terms 
“a” and “an' mean “one or more' when used in this 
application, including the claims. 

I. Methods and Systems Temperature Level 
Detection and Recording 

Methods and systems are provided for generating a tem 
perature measurement for a batch or a continuous stream of 
material, particularly food materials. Additionally, a mag 
netically detectable particle is disclosed that can be applied 
to these methods and systems. According to one embodi 
ment, the detectable particle comprises a first and second 
magnet having a positive and negative pole. One of the 
positive and negative poles of the first magnet can be 
attached to the same polarity positive or negative pole of the 
second magnet. This arrangement of the magnets can gen 
erate a first magnetic field and can have the effect of 
reducing or canceling the magnetic field strength of the first 
and second magnet. 
The magnetically detectable particle can also comprise an 

adhesive having a release temperature and operable to attach 
the first and second magnets together above the release 
temperature and release the first and second magnets from 
one another above the release temperature. When the adhe 
sive releases the first and second magnets, the first and 
second magnets can move with respect to one another such 
that one of the positive and negative poles of the first magnet 
moves toward the opposite polarity positive or negative pole 
of the second magnet. This arrangement of the magnets can 
generate a detectable change in magnetic field strength to 
indicate a temperature measurement for the batch or con 
tinuous stream. 

Generally, by the term "detectable particle' or "magneti 
cally detectable particle', it is meant a particle that includes 
an implant that is detectable by magnetic field sensors that 
can be used in the methods and systems described herein. 
According to one embodiment, a system can include a 
magnetically detectable particle as described herein and a 
detector for detecting a change from a first magnetic field to 
a second magnetic field to thereby generate a temperature 
measurement for the batch or continuous stream. According 
to another embodiment, the method can include providing 
the magnetically detectable particle described herein; insert 
ing the detectable particle into a batch or continuous stream; 
and detecting a change in magnetic field strength of the 
detectable particle to thereby generate a temperature mea 
surement for the batch or continuous stream. The magnetic 
field signal can be detected by external non-contacting 
magnetic sensors, and can be indicated in a number of ways, 
including by a closing of relays, by light indicators, by 
alarms, and other suitable indicators known to those of skill 
in the art. Further, the methods and systems described herein 
can be used for the monitoring and recording of achieved 
temperature levels and the additional data (e.g., time 
required for achievement of temperature associated with the 
temperature event). The methods and systems described 
herein can be used for remote, non-contact detection (such 
as, for example, during a flow of multi-phase materials 
containing solids within sealed vessels). Specifically, the 
generated signals can be detected through stainless steel 
walls or enclosures of standard sanitary processing equip 
ment for, e.g., foodstuffs and biomaterials. Alternatively, the 
methods and systems can be applied to the detection of 
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overheating reactors, industrial heaters and other equipment 
(i.e., critical temperature detection in automotive applica 
tions). 
The methods and systems described herein can be used to 

detect that predetermined temperature levels have been 
reached in a wide variety of objects and materials. Accord 
ing to one embodiment, the objects and materials can be 
simulated and real food particles. The detectable particle can 
be inserted within, attached to, or otherwise integrated into 
a simulated or real food particle. The simulated food par 
ticles can be adjusted or designed to provide conservative 
flow and heating behavior when compared to other food 
particles present in, e.g., a continuously, thermally-pro 
cessed multiphase food product. In some embodiments, the 
implant's magnetic field strength can be monitored via a 
series of non-contacting giant magneto resistive (GMR) 
magnetic field sensors. Detection of a change in magnetic 
signal can indicate a point in the system (e.g., location and 
time-of-flight) needed for a custom-designed conservative 
particle to achieve a pre-set temperature in the center of the 
particle or at the implant location. This detection can assure 
that each and every other real food particle has achieved at 
least the preset temperature at or prior to the detection 
location. Thus, the methods and systems described herein 
can facilitate a conservative time-temperature detection sys 
tem for continuous flow thermal processing of multiphase 
food products. 

In addition to monitoring flows and thermal histories of 
continuously thermally processed multiphase foods, the 
methods and systems described herein can be used for the 
detection of any increase in temperature above a pre-set 
limit. In food processing, for example, cans can be indi 
vidually tagged with coupled-magnet devices to confirm via 
automatic detection that individual cans have achieved pre 
set sterilization/thermal treatment levels. Alternatively, for 
specific products (e.g., refrigerated foods), attainment of 
higher temperatures is undesirable; thus, methods and Sys 
tems described herein can be used to detect temperature 
abuse during the product distribution and storage cycles. 
The first and second magnets of the magnetically detect 

able particle can be pre-magnetized, and can be selected 
based on any number of desirable physical characteristics 
(e.g., maximum operating temperature, size, shape, weight, 
material composition, and magnetic field strength). Accord 
ing to one embodiment, the first and second magnets can 
comprise a material selected from the group consisting of 
neodymium iron boron, cobalt rare earth (e.g., Samarium 
cobalt), aluminum-based (e.g., aluminum-nickel), ceramic, 
organic, plastic-embedded metal or ceramic and combina 
tions thereof. According to another embodiment, the mag 
nets can be made of special sintered neodymium-iron-boron 
(NdFeB) grades, such as NdFeB M series (having a maxi 
mum operating temperature of about 100° C.); NdFeB H 
series (having a maximum operating temperature of about 
120° C.); NdFeBSH series (having a maximum operating 
temperature of about 180° C.); NdFeBUH series (having a 
maximum operating temperature of about 180° C.); and 
NdFeBEH series (having a maximum operating temperature 
of about 180° C.). 
The adhesive for attaching the magnets can be selected 

from an adhesive such as glue materials, metallic alloys, or 
their combinations based on their melting point and service 
temperature range characteristics. The following table, Table 
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I, shows exemplary adhesive compositions for eutectic 
metallic alloys and metals: 

TABLE I 

Adhesive Compositions for Eutectic Metallic Alloys and Metals 

Eutectic 
Melting Point 

Composition (%) (Degrees C.) 

indium (In) 51/Bismuth (Bi). 32.5/Tin (Sn) 16.5 60 
Sn13.1/Bi 49.5/Lead (Pb) 27.3/Cadmium (Cd) 10.1 70 
in 66.3 Bi 33.7 72 
in 41.5 Bi 48.5Cd10.0 77.5 
Bi S7. In 26 S 17 79 
in 29.6 Sn 16.3Bi 54.1 81 
Bi S1.6, Pb 40.2f Cd 8.2 92 
in 44.0. Sin 42.0.Cd 14.0 93 
Sil 18.O.B 52.O.Pb 3O.O 95 
Sn 35.7; Bi 35.7;Pb 28.6 100 
Sil 25.9, Bi S3.9, Cd 20.2 104 
in 33.O.B 67.0 109 
in 52Sn 48 118 
in 74 Co 26 123 
Bi SS.S.Pb 44.5 124 
in 70.O.S. 15.O.Pb 9.6. Cd S4 125 
Sn 41.6 Bi S74, Pb 1.0 135 
Sn 42 Bi 58 138 
in 97/Silver (Ag) 3 143 
Bi 60.0Cd 40.0 144 
SI S12, Pb. 30.6. Cd 18.2 145 
in 97.0/Ag 3.0 146 
in 99.5 Ga 0.5 153 
in 10O.O 156.7 

Additionally, the listed and similar alloys shown in Table I 
can be used as the thermal release layer in a laminated 
composition with magnetic implants, i.e., a layer of meltable 
metal or alloy can be affixed between the paired magnets 
using adhesives with higher operating temperatures than the 
eutectic melting point of the release-layer alloy, such as high 
temperature acrylic, cyano-acrylate, silicone, and epoxy 
adhesives. 

Preferably, the adhesive is eutectic at its melting point, 
thus providing a sharp, instantaneous change from Solid to 
liquid when the melting/release temperature is reached. 
Upon achieving the melting/release temperature, the adhe 
sive force of the adhesive can be overcome by the repulsing 
force of the same polarity magnetic poles of the first and 
second magnets such that the magnets can be released from 
one another. The magnets generate the repulsing force 
opposing the adhesive force because the same magnetic 
poles of the magnets are attached adjacent to one another. 
The melting/switching temperatures of selected alloys can 

vary slightly due to the variability of metallic batches and 
variations among Supplier sources. In order to ascertain the 
conservative nature of the measurements, an appropriately 
conservative temperature value may be assigned to the 
Switch. According to one embodiment, the conservative 
temperature can be 1 degree lower than any experimentally 
determined melting or switching point for the selected batch 
of alloy material. That way, both measurement errors (due 
thermocouple, thermometer, converter and data acquisition 
system variability) and material property errors (due to alloy 
variability) can be conservative. 
The adhesives can have a release temperature selected 

between a range of about -40°C. and 1000° C. Mercury can 
represent the lower end of this temperature range, and 
Al Ni-Co can represent the higher end of this tempera 
ture range. According to one embodiment, the release tem 
perature of the adhesive can be set between about 45° C. and 
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160° C. About the 45° low end range can represent an 
application to low temperature pasteurization, and the 160° 
C. high end range can represent a UHT sterilization range. 
Upon release, the magnets can move with respect to one 

another so that opposing magnetic poles are joined. The 
opposing poles of the magnets are attracted to one another 
and can cause the magnets to realign with respect to one 
Such that opposing poles are adjacent one another. This 
joining of opposing poles results in an addition of magnetic 
field strengths such that the magnetic field signal is 
increased and can be detected via magnetic sensors. 
When two magnetized permanent magnets are in Sufi 

ciently close vicinity for magnetic field lines to cross over 
and overlap, there can be a detectable physical attraction 
between the opposing magnetic poles. If the magnets are 
Sufficiently close and strong, this attraction causes the cou 
pling of opposing poles resulting in a combined magnet. The 
resulting magnetic field strength is an additive combination 
of individual magnet field strengths. The combination of the 
magnets can have a magnetic field strength higher than 
either of the individual magnets. 

FIG. 1 illustrates a schematic diagram of combining a first 
and second magnet M1 and M2 at opposing magnetic poles 
to achieve a combined magnet, generally designated CM1. 
Arrows AR1, AR2, AR3 represent the comparative magnetic 
field strengths of first magnet M1, second magnet M2, and 
combined magnet CM1, respectively. The sizes of arrows 
AR1, AR2, and AR3 represent the corresponding field 
strengths of first magnet M1, second magnet M2, and 
combined magnet CM1, respectively. As indicated, the mag 
netic field strength of combined magnet CM1 is greater than 
the magnetic field strength of magnets M1 and M2 indi 
vidually. For example, if magnets M1 and M2 are about 
identical and equally magnetized, the field strength of com 
bined magnet CM1 is about double the individual field 
strength of magnets M1 and M2. Arrows AR4 represents the 
attractive force between generated between magnets M1 and 
M2 due to the orientation of the opposing poles of magnets 
M1 and M2 adjacent one another. 

Alternatively, if similar magnetic poles (north and north 
or South and South) of two permanent magnets are joined, 
there is a physical repulsion force that must be overcome in 
order to join the similar poles. This joining can also result in 
the mutual cancellation of magnetic fields, resulting in a 
combined magnet of about Zero magnetic field strength 
while the physical repulsion force remains in effect. If the 
magnets are released and allowed to realign freely, there is 
first repulsion, and then realignment of the attracting oppo 
site poles, resulting in increased magnetic field strength. The 
difference between the magnetic field strengths in these 
configurations can be detectable by magnetic sensors. 

FIG. 2 illustrates a schematic diagram of the result of 
combining first and second magnets M1 and M2 at similar 
magnetic poles to achieve a combined magnet, generally 
designated CM2. In this example, the magnetic field 
strengths of magnets M1 and M2 (indicated by arrows AR1 
and AR2, respectively) are about equal. When magnets M1 
and M2 are combined to achieve combined magnet CM2, 
the combined magnetic field strengths of magnets M1 and 
M2 are effectively canceled or substantially reduced due to 
the orientation of the poles of magnet M1 with respect to the 
poles of magnet M2. According to this embodiment, the 
opposing magnetic poles of magnets M1 and M2 are about 
equal and attached adjacent to one another to result in a Zero 
or Substantially Small magnetic field for combined magnet 
CM2. 






































